Abstract. Preeclampsia (PE) is a pregnancy-specific hypertensive syndrome that results in substantial maternal and fetal morbidity and mortality. The exact cause of PE has not been completely elucidate, although abnormal formation of the placenta has been considered. The placenta connects the developing fetus to the uterine wall, producing a large quantity of steroid hormones to maintain pregnancy. Although steroid hormones, particularly progesterone (P4) and estrogen (E2), in the serum of women with PE have been studied, steroidogenesis in the placenta has not well been established. The present study compared the concentrations of steroid hormones, including pregnenolone (PG), P4, dehydroepiandrosterone (DHEA), testosterone (T) and E2, in the serum and placenta of women with PE. PG, P4, DHEA and E2 concentrations tended to be decreased in PE serum and placentas, and the results were statistically significant for P4 and E2 in the serum. Quantification of genes associated with steroidogenesis in the placenta was performed, and the expression of the P4-and E2-synthesizing enzymes testosterone 17-β-dehydrogenase 3 and 3 β-hydroxysteroid dehydrogenase/δ5 4-isomerase type 1 was reduced. Notably, aromatase, an enzyme required for the production of E2, was upregulated in the PE placenta, suggesting that steroidogenic enzymes may be dynamically regulated and may affect the symptoms of PE. In conclusion, the results of the present study suggested that the levels of steroid hormones, including P4 and E2, in the serum and placenta of women with PE are downregulated, which may be mediated by the regulation of steroidogenic enzyme expression in the PE placenta.
Introduction
Preeclampsia (PE) is a pregnancy-specific hypertensive syndrome affecting ~2-7% of pregnant women globally, developing subsequent to 20 weeks of gestational age (1) . The clinical manifestations of PE include hypertension, placental hypoxia, proteinuria, endothelial dysfunction, end-organ ischemia and increased vascular permeability (2) . These conditions are the leading causes of maternal and fetal morbidity and mortality (3) .
Although there have been previous studies into the mechanism of PE, its exact pathogenic mechanism remains unknown (4) . It has been widely accepted that dysfunction of the placenta, which is the organ facilitating the exchange of nutrients and waste between the mother and fetus, may result in PE (5) . The placenta begins to develop upon invasion of the blastocyst into the endometrium. The outer layer of the blastocyst becomes the trophoblast, which serves an essential role in the formation of the placenta. During normal pregnancy, appropriate trophoblast invasion produces spiral arteries to facilitate the exchange of gases between mother and fetus (6) . However, PE begins with incomplete trophoblast invasion at the early stages of pregnancy, which disrupts correct placental formation. A reduction of trophoblastic invasion at the decidual and myometrial levels, and a failure of trophoblast cells to replace the spiral artery, have been observed in the PE placenta (7) . High blood pressure with low blood flow are generated in PE, resulting in reduced uteroplacental blood flow. Incomplete placentation additionally produces increased placental oxidative stress, contributing to the development of systemic endothelial dysfunction in later phases of the disease (8) .
During pregnancy, the placenta is the primary endocrine organ for maintaining pregnancy and fetal growth. Hormones released by the placenta regulate the growth and differentiation of the placental trophoblast, growth and maturation of the placental vascular tree, and uterine endovascular invasion by the extravillous cytotrophoblast (9) . To successfully establish pregnancy, a number of steroid hormones are synthesized and secreted through steroidogenesis in the placenta. Progesterone (P4) and estrogen (E2) are the principal steroid hormones produced by the placenta in primate pregnancy (10) . The serum levels of P4 and E2 increase throughout pregnancy (11) .
Steroidogenesis is the biological process through which cholesterol is converted into multiple steroid hormones (12) . The pathway of steroidogenesis is mediated by steroidogenic enzymes (13) . The conversion of cholesterol into pregnenolone (PG) by cholesterol side-chain cleavage enzyme (CYP11A1) represents the initiation of steroidogenesis (14) . Following its production, PG is converted into P4 or dehydroepiandrosterone (DHEA) by 3 β-hydroxysteroid dehydrogenase/δ5 4-isomerase type 1 (HSD3B1) or steroid 17-α-hydroxylase/17,20 lyase (CYP17A1), respectively. Androgens, including testosterone (T), may be synthesized from DHEA and P4, mediated by testosterone 17-β-dehydrogenase 3 (HSD17B3) and HSD3B1 (15) . Aromatase (CYP19A1) and HSD17B3 catalyze the final steps of E2 biosynthesis from androgens. These steps require a number of factors and complex processes comprising networks of intracellular signaling pathways (16) .
In previous studies, the levels of steroid hormones in patients with PE have been compared with those in normal pregnant women to reveal the mechanism of PE (17, 18) . However, only the levels in serum have been focused on, while the placental steroid concentrations and comparisons with those from serum have not been addressed. Therefore, the present study investigated the expression of steroidogenic enzymes and analyzed the concentration of steroid hormones in the placenta and serum. The association between PE and steroid hormones from the placenta and serum may provide insights into the pathophysiological characteristics. In addition, the results of the present study may suggest potential biomarkers to predict PE and possible therapeutic methods to treat women with PE.
Materials and methods
Tissue and blood collection. Human placental tissues and blood samples were collected and immediately stored at -80˚C, which were divided into normal women (n=21) and patients with PE (n=20). The samples were obtained between 29 and 40 weeks of gestation from Jan to Dec of 2015 and provided by the Biobank of Pusan National University Hospital (Busan, Korea), a member of the Korea Biobank Network. The present study was approved by the Institutional Review Board of the Pusan National University Hospital Clinical Trials Center (no. H-1302-005-015), and all participants gave written informed consent. Patients with PE were defined as having systolic and diastolic blood pressures >140 and 90 mm Hg, respectively, measured at least 6 h apart, in addition to proteinuria >300 mg/24 h or >1+ as determined by the dipstick method. Blood was collected in plastic tubes under aseptic conditions with EDTA as an anti-coagulant and centrifuged at 18,472 x g for 10 min at 4˚C in order to separate the serum. Clinical details of the patients are presented in Table I .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA from placenta tissue was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. The concentration of total RNA was measured using a spectrophotometer. First-strand cDNA was prepared from total RNA (3 µg) via reverse transcription at 37˚C using Moloney murine leukemia virus reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) and random primers (9-mers; Takara Bio Inc., Otsu, Japan), according to the manufacturer's instructions and stored at -20˚C until use. qPCR was performed with the cDNA template (2 µl) and 2X Power SYBR Green (6 µl; Toyobo Life Science, Osaka, Japan) containing specific primers. Primer sequences for cytochrome c1 heme protein mitochondrial (CYC1), β-actin, CYP11A1, CYP17A1, HSD17B3, HSD3B1, and CYP19A1 are presented in Table II . qPCR was performed for 40 cycles using the following parameters: Denaturation at 95˚C for 15 sec, followed by annealing and extension at 70˚C for 60 sec. Fluorescence intensity was measured at the end of the extension phase of each cycle. The threshold value for the fluorescence intensities of all samples was set manually. The reaction cycle at which the PCR products exceeded this fluorescence intensity threshold during the exponential phase of PCR amplification was considered to be the threshold cycle (Cq). Expression of the target gene was quantified relative to that of CYC1 and β-actin, which are housekeeping genes, based on comparison of the Cqs at a constant fluorescence intensity as previously described (19) .
Western blot analysis. Protein samples of the placenta tissues were extracted with Pro-prep solution (Intron Biotechnology, Inc., Seongnam, Korea), according to the manufacturer's protocol. The concentration of the protein was determined via a bicinchoninic acid assay; a total of 20 µg protein, was loaded and separated by SDS-PAGE on an 8-10% gel and transferred onto nitrocellulose membranes (Daeillab Lab Service Co., Ltd., Seoul, Korea). Membranes were blocked for 2 h with 5% skimmed milk (Difco™; BD Biosciences, Franklin Lakes, NJ, USA) in PBS with 0.05% Tween-20 (PBS-T) at room temperature. Following blocking, membranes were incubated with anti-CYP11A1 (1:100; cat. no. sc-18040, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), CYP17A1 (1:500; cat. no. sc-46084, Santa Cruz Biotechnology, Inc.), HSD17B3 (1:2,000; cat. no. ab55268, Abcam, Cambridge, UK), HSD3B1 (1:2,000; sc-30820, Santa Cruz Biotechnology, Inc.), and CYP19A1 (1:500; cat no. sc-14244, Santa Cruz Biotechnology, Inc.) antibodies overnight at 4˚C, followed by horseradish peroxidase-conjugated secondary antibodies (all 1:2,000; cat. nos. sc-2313, sc-2005, sc-2020, Santa Cruz Biotechnology, Inc.) in 5% skimmed milk with PBS-T for 1 h at room temperature. Luminol reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to visualize antibody binding. Membranes were subsequently probed with an antibody against β-actin (Cell Signaling Technology Inc., Danvers, MA, USA; diluted 1:3,000; cat. no. 967) as an internal control. Blots were scanned using Gel Doc 1000, version 1.5 (Bio-Rad Laboratories, Inc.), and band intensities were normalized to β-actin levels.
ELISA analysis. Concentrations of PG (cat. no. KA1912, Abnova, Taoyuan, Taiwan)), P4 (cat. no. 582601; Cayman Chemical Company, Ann Arbor, MI, USA;), DHEA (cat. no. 20-DHEHU-E01, Enzo Life Sciences, Inc., Farmingdale, NY, USA; ), T (cat. no. 582701; Cayman Chemical Company), and E2 (cat. no. 582251; Cayman Chemical Company) were measured using competitive enzyme immunoassay kits, according to the manufacturers' protocols. Serum and tissues were added to a 96-well plate following tissue homogenization with Pro-prep solution (Intron biotechnology, Seoul, South Korea), according to the manufacturer's protocols. The plate was incubated for 1 h at room temperature on an orbital shaker. Following incubation at room temperature for 90 min with Ellman's reagent, optical density values were measured spectrophotometrically at 420 nm. The final concentrations were calculated using standard curve analysis.
Statistical analysis.
Results are presented as the mean ± standard deviation. Data were analyzed using Sigma Plot 10.0 (Systat Software, Inc., San Jose, CA, USA). Repeats were performed ≥3 times; differences between groups were calculated using a Student's t-test. P<0.05 was considered to indicate a statistically significant difference. 
Results
Concentration of steroid hormones in PE serum and placenta. The characteristics of the patients with PE are summarized in Table I . Patients with PE exhibited high blood pressure (>140/90 mmHg), and the average blood pressure was 147.9±12.7/96.8±10.0 mmHg. Patients with PE exhibited an increased body weight, while infant weight was markedly decreased. Parity, gravidity and maternal body mass index were not notably different between normal patients and patients with PE, which was consistent with other studies (20, 21) . To investigate the association between steroid hormones and PE, the concentrations of steroid hormones were evaluated to verify whether or not the PE placenta is under different endocrinal conditions compared with the normal placenta. The concentrations of PG, P4, DHEA, T and E2 in the serum and placenta were analyzed using ELISA kit ( Figs. 1 and 2 ). Serum levels of PG, P4, DHEA and E2 tended to decline in women with PE (with significant results for P4 and E2), whereas the concentrations of T did not exhibit any significant difference in PE compared with normal serum. The concentrations of PG, DHEA and E2 in the serum were increased compared with the placenta, whereas the levels of P4 and T were similar. Hormonal levels in placental tissues exhibited similar results compared with the serum. Levels of PG, P4, DHEA and E2 were reduced in the PE placenta, although the results were not significant.
Expression of steroidogenic enzymes in the PE placenta.
Since the concentrations of steroid hormones were altered in PE serum and placentas, the expression of steroidogenic enzymes in the PE placenta was subsequently investigated.
The mRNA expression of CYP11A1, CYP17A1, HSD17B3, HSD3B1 and CYP19A1, which are salient steroidogenic enzymes, were examined by RT-qPCR analysis (Fig. 3) . The mRNA level of HSD3B1 was decreased in PE compared with the normal placenta, whereas that of CYP19A1 was elevated by ~2-fold in the PE placenta ( Fig. 3D and E) . Transcription levels of other steroidogenic enzymes were not significantly altered. The translation levels of steroidogenic enzymes were analyzed by western blotting (Fig. 4) . The protein levels of HSD3B1 exhibited similar patterns compared with the mRNA by significantly decreasing (Fig. 4A) . The CYP19A1 protein level increased, although the result was not statistically significant (Fig. 4D ). CYP11A1 and CYP17A1 mRNA levels were unaltered in the PE group ( Fig. 4A and B) . Notably, the protein level of HSD17B3 was different compared with the mRNA level, which was downregulated by 2.7-fold in the PE placenta compared with the control (Fig. 4C) .
Discussion
PE is a systemic syndrome of pregnancy characterized by hypertension and proteinuria (22) . Although efforts have been made, the etiology of PE is remains to be completely understood. Due to the life-threatening risks and lack of effective treatment, early diagnostic biomarkers of PE are required. Recently, it was reported that the serum concentrations of steroid hormone, including E2, may be associated with PE (23) . However, the mechanism of alteration has not been studied. Steroid hormones serve vital roles, including the maintenance of pregnancy in females in addition to regulation of the estrus cycle and puberty (24) . Numerous studies have reported that the concentrations of these steroid hormones in PE serum contribute to pathogenesis of PE (17, 18, 25, 26) . Since sera are collected from women with different characteristics, including age, body weight and clinical histories, hormone levels vary and the reliability of data is decreased. Therefore, the regulation of steroid hormones in PE women is controversial. For instance, case-control and cross-sectional studies have reported an association between vitamin D status and PE, although evidence has been inconsistent (27, 28) . In addition, antenatal corticosteroid therapy in women with PE may be associated with fetal maturation (17) . However, the present study focused on sex steroid hormone, since the levels of sex steroid hormones are dynamically regulated during pregnancy. Additionally, there are previous studies demonstrating that sex steroid hormones may be associated with PE. A previous study reported that serum levels of DHEA and E2 in patients with PE were decreased compared with those in normal pregnant woman, whereas P4 production was markedly increased in PE (17) . However, Iou et al (26) indicated that serum levels of P4 were decreased in women with PE during the third trimester.
In the present study, serum and placental levels of steroid hormones, including PG, P4, DHEA, T and E2, were examined in patients with PE and normal pregnant women. The assessed steroid hormones were selected as they are known to be involved in the regulation of pregnancy. It has been reported that PG is a precursor of other steroid hormones such as P4 and DHEA (29) P4 is known to reduce vascular resistance by decreasing the sensitivity of angiotensin and increasing the production of endothelial vasodilator, which directly affects muscles (30) . Additionally, P4 stimulates the production and secretion of substances required for the growth and development of the conceptus (31) . E2 stimulates the expression of VEGF and angiogenesis in the uterus during normal gestation, serving important roles in implantation, pregnancy maintenance and embryonic development (11, 32) . DHEA additionally increases vascular endothelial proliferation, migration and vascular tube formation by activating the extracellular signal-regulated kinase 1/2 pathway (33). Therefore, a lack of these steroid hormones may lead to abnormalities in the development of the placenta, leading to the pathogenesis of PE.
According to the results of the present study, the serum levels of P4 and E2 were significantly decreased in women with PE. In addition, PG and DHEA levels were slightly decreased in PE serum samples.
To completely elucidate the mechanism of steroidogenesis, the present study quantified steroid hormones in the human placenta. In normal women, the levels of PG, DHEA and E2 were increased in the serum compared with the placenta, while the levels of P4 and T were similar, suggesting that other reproductive organs from the mother or fetus may contribute to the concentrations of hormones. However, the altered patterns of hormones in women with PE in the placenta were similar to the results from the serum. In PE placentas, steroid hormones, apart from T, tended to decrease compared with the normal placenta, and this regulation was even more apparent in the serum. These results indicated that the serum concentration of steroid hormones is primarily regulated by the placenta and that the reduced hormones may contribute the physiological features of women with PE.
For the following experiment, the expression of enzymes associated with synthesis of steroid hormones in the placenta was analyzed. The expression levels of CYP11A1 and CYP17A1 were not altered in PE compared with normal placentas. The serum PG concentration was not altered in women with PE compared with the normal group, and this may be explained by the results of the analysis of CYP11A1 and CYP17A1 gene expression. CYP11A1 and CYP17A1 are involved in the process of PG metabolism and their expression was not significantly altered in the PE placenta. Since the expression of HSD3B1, the enzyme converting DHEA to androstenedione, was decreased, it was hypothesized that the concentration of DHEA in the maternal serum may have been enhanced. However, the results of the present study demonstrated that DHEA was decreased in the serum and placenta. During pregnancy, steroidogenesis is a complex process occurring in a number of organs, including the maternal uterus, placenta, fetal membrane, and the maternal and fetal hypothalamic-pituitary-adrenal (HPA) axis, although the placenta is the most important of these. During normal pregnancy, increased production of corticotropin releasing hormone from decidual, trophoblastic and fetal membranes leads to an increase in circulating cortisol in midgestation (34) . The fetal HPA axis, activated by cortisol, results in enhanced fetal pituitary adrenocorticotropin hormone secretion, which leads to release of the abundant C19 estrogen precursor DHEA sulfate from the fetal adrenal zone. The results of the present study demonstrated that the serum concentration of DHEA in normal women and patients with PE was increased compared with the placenta, suggesting that the fetal production of DHEA is important for the regulation of maternal DHEA concentration. It has also been reported that the synthesis of DHEA by the fetal adrenal gland is important for placental steroid production (35) .
The synthesis of T from P4 and DHEA, catalyzed by HSD17B3, was markedly reduced in the PE placenta, suggesting that the products of these enzymes, including E2, P4 and T, may be reduced. Indeed, the hormone data in the present study demonstrated that the concentration of E2 was decreased in the serum and placenta. Notably, the expression of CYP19A1, the final enzyme involved in the synthesis of E2, was enhanced in the PE placenta, in contrast to the reduced concentrations of hormones. This may be a compensatory response of the placental tissue to elevate the serum levels of E2 in patients with PE.
In conclusion, the results of the present study provided novel insights into the association between steroid hormones and PE. In the PE placenta, the synthesis of steroid hormones, including P4 and E2, was decreased via the regulation of steroidogenic enzymes.
